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SUMMARY 

The effect of flow conditions on the geauetry of the turbulent 
Bunsen flame was investigated. Turbulent flmne speed is defined in 
terms of flsme geometry and data are presented showing the effect 
of Reynolds number of flow in the range of 3000 to 35,000 on flame 
speed for burner diameters from l/4 to 15 inches and three fuels - 
acetylene, ethylene, and propane. 

The normal flame speed of an explosive mixture was shown to be 
an important factor in determining its turbulent flame speed, and 
it was deduced from the data that turbulent flame speed is a func- 

. 
tion of both the Reynolds number of the 
burner tube and of the tube diemeter. 

INTROIXETION 1 

turbulent flow in the 

A flame advancing through an explosive mixture at rest or in 
laminar flow assumes, at least initially, a smooth combustion front. 
The speed nonaal to the front and relative to the adjaoent unburned 
mixture with which this front advances is tiown as the nonnal flame 
speed of the mixture (or transformation velocity). This speed is 
constant for a given set of physioal and chemioal conditions. 

. 

In turbulent flow, the combustion front is not smooth,. beoause 
it is disturbed by the fluctuating oomponents of velooity. Yet if 
a surface sufficiently large in comparison with the scale of tur- 
bulence is considered, the average position of the combustion front 
advances with some definite speed normally to itself'. This speed 
will be called the turbulent flame speed and its value will prob- 
ably depend upon the aerodynamic as well ae the physioal and ahem- 
ical conditions of the explosive mixture. 

. 
Because turbulence can greatly inoreese the rate of burning of 

fuel-air mixtures, an eract knowledge of the influence af turbu- 
lence on combustion is highly important to practical applications. 



2 HACA m Ho. 1707 

Some information has been gathered from tests on Internal-ocPnbustion 
engines (referenoe 1). In these investigations, no attempt was 
made to relate the rate of burning to any funtiental measurable 
property of the turbulence. The degree of turbulence of-the charge 
in the engine cylinder was varied by changing engine speed or oyl- 
inder geometry. Two investigators, Demk&ler (referenoe 2) and 
Shelkin (reference 3) each havezproposed a theory to relate flame 
speed to turbulence. These theories require evaluation with exper- 
imental data obtained under well-defined conditions. 

A possible method of investigating the relation betweeol tur- 
bulence and rate of burning is by measuremen t uf rate af flame 
propagation in a steady-flow Bunsen-type burner. It is possible in 
such an apparatus to create forms of turbulenoe that have been 
quantitatively investigated. Furthermore, it is caarrmo~~ to deter- 
mine normal flame speed as the volume rate of flow of explosive 
mixture divided by the surfaoe area of the inner oone of a laminar 
Bunsen-burner flame. (See referenoe 4 for a disoussion of the 
method.) This teohnique for measuring flame speed ten also be used 
in the range of turbulent flow. DemkWLer (reference 2) carried 
out some measurements in this manner, but his data are insufficient 
to establish conclusively a theory. 

In experiments conducted at the NACA Cleveland laboratory 
during 1945, flame speeds were experimentally determined by the 
Bunsen-burner technique with fully developed turbulent flow in the 
burner tubes. Data were obtained for three fuels, for burner 
diameters from l/4 to l-inohes, and for Reynolds numbers in the 
range from 3000 to 35,000. In order to show the effect & tur- 
bulence on flame speed, these turbulent flame speeds were correlated 
with normal flame epeed, tube diameter, end Reynolds number. In 
addition, the data were used to test the theories of references 2 
end 3. 

APPARATUS AND PROCEIXJRE 

Equipment 

The appsratus used in this investigation is diagranunatioally 
shown in figure 1. Fuel and air were metered separately, then 
thoroughly mired, and conducted into the Bunsen-burner tube, which 
was long enough for fully developed turbulent flow to result at 
the burner outlet. Theburners usedwere aseries offoursmooth 
seamless steel tubes, which had the following dimensions: 
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Nominal 
diameter 

(in. 1 

l/4 
318 
518 
l$ 

Inside -Mh, L F&lo of length 
diameter, d (4 to inside 

(4 diameter, L/a 

0.626 I.25 200 
.943 215 228 

1.579 215 136 
2.843 215 76 

The tubes were cooled to room temperature by water jackets. 

In order to prevent blow-off of the Bunsen flame at high flows, 
it was necessary to surround it by an auxilisry flame. An annuler- 
shaped burner was formed around the lip of the Bunsen burner by 
surrounding it with a tube of somewhat larger diameter. A fuel-air 
mixture at low velocity flowed through this auxiliary burner; the 
fuel in the auxiliary burner was the same as that in the main 
burner. This mixture burned at the outlet of the burner and kept 
the inner Bunsen flame seated to the lip. The auxiliary f lame was 
always kept as low aa possible so as to reduce the errors caused by 
this fleme to a miniwun. The auxlliery flame seemed to have had no 
appreciable effeot on the main body of the Bunsen flsme in that, 
where flow conditions permitted, no change could be noticed in the 
Bunsen flame when the auxiliary burner wes suddenly shut off. 

Fuels 

Measurements were made using three commercial-grade fuels - 
propane, ethylene, and acetylene. Because acetylene is dissolved 
in acetone in the tank, an appreciable amount of acetone is present 
in the gaseous fuel. Most of this acetone was removed by bubbling 
the acetylene-acetone gaseous mixture through flowing water. The 
combustion air used ceme fram the laboratory service air supply, 
which, when expended, had a relative humidity. of approximately 
15 percent. No temperature oontrol was used; very little variation 
of temperature, however, was observed. 

Method of MeasuringFlame Speed 

The ccanbustion zone of a laminar Bunsen flame is thin and 
olear-cut, but *that of a turbulent Bunsen flame oonsists of a 
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"brush" of flame having a roughly conical &ape but apparently 
formed of a rapidly fluctuating, muoh folded surface (fig. 2(a)). 
Nevertheless, certain surfaoes can be identified in the turbulent 
flame; for example, In figure 2(b) an inner end outer envelope of 
the flame end a mean surface are indicated. A flame speed oor- 
responding to each of these surfaoes may be determined. Although 
Demkohler (referenoe 2) believed that the inner and outer envelopes 
are related to the turbulent a& normal flame speed, respectively, 
it is considered herein that the flame front has am average 
position around whioh it fluctuates, the degree of fluctuation 
determining the position of the inner and outer envelopes. The 
turbulent flame speed should then be that flame speed corresponding 
to the surface that is the average position af the flame front, or 

where 

ut turbulent flame speed 

Q volume rate of flow 

S surface area aP mean position of burning 

The volume rate atP flow was obtained by the flowmeter readings. The 
surface area of any given turbulent flame was determined in the fol- 
lowing manner: The flame was photogra@ed on 5- by 7-inch film with 
an exposure time of about 2 seconds. An average flame surfaoe was 
drawn on the negative of the photograph and an attempt was made to 
draw the surface halfway between the inner and outer envelopes of 
the flame brush (fig. 2(b)). The surface erea was then determined 
by the approximate equation for oone-like surfaces of revolution 

where 

L SPA- h (2) 

A area of long$tudinal cross section of flame as photogra&ed 

h height 

L length of generating ourve, excluding base, of cone-like 
surfaue 

. 

This method has been used by others for leminar flames (reference 5). 
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The amount of work required to determine the surface erea was 
shortened by plotting S/d2 against h/d where d is the burner- 
tube diameter. Once enou& points had been plotted to form a curve, 
the surface area could be found simply by memuring the height of 
the flame cone. The height was measured directly on the flame by 
meens af a horizontal sliding 83111 mounted on a scale, sights being 
placed 18 inches apart on the arm. In this way, the whole flame 
oould be kept within the field c# view and fair reproducibility was 
possible. 

Sane doubt msy exist as to the physiqal siepificance cf a 
flame speed determined by the method outlined; especially, it may 
be that, although the idea of en average surface is sound, the 
positi'on halfwq between the inner end outer envelopes as seen on 
the photographs is not a true average surface. The data till. 
therefore be presented first in terms cf flame geometry and then 
in term of flame speeds. 

The observations were made on fuel-air mixtures in eauh case 
having the maximum flame speed. Eachmeasurementwasmadebyuse 
of a series of three or four observations in which the fuel-air 
ratio was varied in the neighborhood of that for maximum flame 
speed. The flame speed observed was taken as the maximum on a 
curve drawnthroughthe data.60 taken. Bythis means any errors 
due to inaocuracy of flow-measuring devioes were eliminated. 

Rxismrs . 

Geometry of Turbulent Bunsen Flames 

Near the base a turbulent Bunsen flame is almost laminer in 
apparance. Higher up the flame front develops waviness; and 
still further up individual peaks of fleme are observed to shoot 
up from the interior Cxe: the inner cone. When these peaks of flame 
appear, the outer envelope begins to bend more sherply inward. 
These characteristics together with the three dImensionality of the 
flame make it difficult or impossible to locate the position of the 
inner envelope with oertainty. 

The ratio of mean flame surface area to the square of the 
burner diameter S/d2 is plotted aga.inst the ratio of flame height 
to burner diameter h/d in figure 3. The points from various 
burner sizes for a &ven fuel fall on a single curve when plotted 
in this manner. These curves indicate that the flame broadens out 
as the height becomes greater. For it, in beoaming higher, all 
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vertical dimensions of aflamewere merely stretched, the curve of 
surface area againstheightwouldbe a straight linethroughthe 
origin, which is obviously not the case. 

In figure 4 it is shown that, for any one fuel, the height af 
the average position of a flame is roughly a fun&ion of Reynolds 
number. In every case, however, the curves aF the smaller burners 
lie higher. The fuel-air ratio is in eauh ease that corresponding 
to the maximum flame speed. 

Some data of the height of the outer envelope of the flame 
brush were recorded. This height minus the height of the average 
surface is one-half the flame-brush width in the center of the tube. 
It has been plotted against Reynolds number infigure 5. Although 
the scatter is great, the brush thickness seems to vary lineerly 
with Reynolds number. The large soatter is due to the uncertainty 
in locating the height of the outer envelope. 

TurbulentFUme Speede 

Examples cf the variation of flmne speed, as previously defined, 
with fuel concentration for various Reynolds numbers are shown in 
figure 6. The data shown were obtained by direot measurenent of 
mean flame height. The fuel oonoentration for maximum flame speed 
is observed to be slightly richer for turbulent than for laminer 
flames. This effect is believed to be caused by the turbulent flame 
seeming to widen out slightly as it beccnnes rioher so that, for the 
same mean surface area, the height of a rich flame is less than that 
of aleanflame. 

The variation of flame speed with Reynolds number of pipe 
flow is shown in figure 7 for fuel concentrations of maximum flame 
speed. Values of normal flame speed frrxn reference 4 are indicated 
for the three fuels by points on the ordinate. Reynolds number 
cf flow is not necessarily descriptive, however, of turbulence at 
the flame front. The data of figure 7 were obtained both by photo- 
graphing the flame and by direct measurement of flsrme height; in 
both ceses the mean surface area was obtained froan the curves in 
figure 3. The points representing data taken by direct measureanent 
are the maximum flame speeds from curves like those of figure 6 and 
are therefore, in most cases, averages of several meaaurments. 
Kost of the points representing photographic data are averages of 
two separate flame-speed determinations. The large scatter of the 
acetylene flame speeds for the 3/B-inoh-diemeter burner at low 
Reynolds numbers is believed due to the fact that, because the 
flame was amall, a small absolute error in height measurmt 
resulted in a large relative error. 
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The data of figure 7 show several oonsistent characteristios. 
For any one explosive mixture, the turbulent flame speeds are all 
greater than the normal flame speed and for a given Reynolds number, 
the flame speed incresses with inoreasing burner diameter. In gen- 
eral, flame speed increased with Reynolds number but at a decreasing 
rate, and at the Urger values of Reynolds number, fl- speed 
approached asymptotically a linear relation with Reynolds number. 

DDXUSSION 

Nature of Turbulenoe in Pipe Flow 

The fact that the flame speed as defined in turbulent flow 
cannot be determined with very high accuraoy is a oircumstance that 
is implioit in the very nature of turbulence. The results of the 
measurements ere principally an identification of certain trends in 
turbulent flame speed as summsrized. It is thus desirable to iden- 
tify the nature of the turbulenoe in which the measurements were 
made. 

The theory of turbulent flow in general is reviewed in refer- 
ences 6 to 8. It is concluded in the theory, particularly in 
reference 8, that a scale factor and en intensity of turbulence 
are sufficient to chsracterize isotropic turbulenoe. These two 
factors have been measured in various weys. The turbulent inten- 
sity based on longitudinal turbulent motion is shown in dimension- 
less form in figure 8, as measured between two infinite planes 
(reference 9); the distribution is expected to be similer to that 
in a tube. It is notable that the turbulence in the tube is not 
completely isotropic so that the mean turbulent intensities are 
different in different directions. 

The mixing length has also been measured end is shown in 
figure 8 as publi.shed in reference 6. It is evident that both 
mixing length end turbulence very widely across the flow. It 
follows that insofar as the turbulent fleme speed is to be asso- 

. ciated with the nature of the turbulence, it is a mean flame speed 
that is associated with an average type of turbulence in the gas 
issuing from a uniform tube. 

Ih measurements of fleme speed in turbulent flow, the scale 
of the turbulence in the tube is proportional to the size of tube 
and the intensity component is proportional to the mean gas flow 
velocity, as follows from general similarity relation. 
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Theories of Turbulent Flams Speed 

Dsmkohler (reference 2) in en attempt to determine the effect 
of turbulence on fleme speed presents sonm data obtained from a 
Bunsenpropane-oxygenfleme ona burnertube that islongenough 
to have fully developed turbulent flow. It was found that flame 
speeds oorrespondingto the outer envelopes were approximately 
equaltothe nozmalfleme speed ofthemixture. Theflame speed 
corresponding to the inner envelope was assumed to be the turbulent 
flame speed. The ratio of the flame speeds corresponding to the 
inner end outer envelopes was therefore considered equal to the 
ratio of turbulent flame speed to normal flame speed. Results from 
three burners of 1.385-, 2.180-, and 2.7l8-millimeter dismeters were 
obtained. The flame-speed ratio was then shown by somewhat limited 
data to vary linearly with the square root of' the Reynolds num- 
ber 6 for the two smaller tubes in the range 2300 c Re < 5000 
and linearly with Re for the two larger tubes in the range 
5000< Re < 18,000. 

In the discussion of results of reference 2, two conditions 
of turbulence are considered that depend on whether the scale aP 
the turbulenoe is much greater or much less then the thickness of 
the laminar flame front. Fine scale turbulence was considered to 
influenoe the rate of diffusion between the burned and unburned 
gas without roughening the flame front and large scale turbulenoe 
was considered only to roughen the flame front thus increasing its 
surface area. The theory developed attempted to show that for 
fine-scale turbulence, 

ut -= l& f J- 

end that fcr large-scale turbulence 

5, 

where 

V is kinematic visoosity cxf ewlosive mixture 

Q is turbulent diffusion coeffioient 

(3) 

(4) 

. 

The turbulent diffusion coefficient c is an empirical factor 
that was devised to develop a theory for the turbulent-velocity 
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distribution in a pipe or tube. By analogy with the molecular 
diffusion coefficient, it is written as 

where 

%I- 
. 

2 
z root-mean square fluctuating component of velooity 

2 so-called mixing length, a scale factor 

In the von K&m& theory of pipe turbulence, the faotors ounprising 
E enter into the theory as empirical paremeters evaluated fran the 
velocity distribution, but equivalent or analogous quantities are 
directly measurable. It has-been shown by direct observation that 
in turbulent pipe flow, J- Ti2 varies as the mean gas velocity, end 
that the soale, and therefore presumably 2, varies as the pipe 
diameter. Both quantities are herdly approximately constant auross 
the flow; but in predicting the results of any experiments dependent 
on E, it is apparent that mean c must vary aa the Reynolds no- 
ber of the pipe flow. . 

In reference 2, it was considered that the smallest burner 
used could be considered to give fine-scale turbulence; whereas the 
largest burner gave large-scale turbulence, the difference of which 
was believed to account for the difference in the dependence of 
flame-speed ratio on Reynolds number. 

A theoretical analysis of the effect of turbulence an flame 
speed is presented in reference 3. The two cases of fine-scale and 
large-scale turbulence are again considered. Based upon the same 
considerations as in reference 2, the expression for turbulent 
flame speed ut in fine-scale turbulence was derived: 

(6) 

where K is the thermal conduotivity due to molecular motion. 

For the case of lerge-scale turbulence, the expression for u.t 
was derived to be 

(7) 
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, 
where B is a nondimensional coefficient and is approximately 
unity. It should be noted that flame speed for large-scale tur- 
bulence is here predicted tp be independent of the scale of tur- 
bulence and to be independent of the normal fleme speed if' the 
intensity of turbulence ii2 becomes great compared to un2. 

. 

Test of Theories of 3Efect of Turbulence on Flame Speed 

According to the.theories of references 2 and 3, the flame 
speed in turbulent flow is predicted to depend on the turbulent 
diffusion coefficient E for small-scale turbulence. It has been 
shown that E = b/s and that E should vary as the Reynolds 
number of flow Re inside the tube. IT the change of E is 
neglected in the space between the tube outlet and the flame, it 
follows that the turbulent flame speed is predicted for small- 
scale turbulence (a) in reference 2 to vary as u,&, and 
(b) in reference 3 to vary as un,/m where k is'a constant. 
Actually the theories as presented were acmewhat more specific in 
their predictions. The predictions of reference 3, for example, 
would seem to approximate those of reference 2 because the second 

- term in the radical is much larger than 1. 
. 

Again for large-scale turbulence, the predictions are that 
flame speed should -vary as u$e (reference 2) and as 

un,,/q (reference 3). For the range oP--Gerimenta, un 

is approximately 1 footper second, and u2 varies in the range of-- 
magnitude of un2, 

Summarizing the reaulta of the flame-speed measurementgfig- 
ure 7 serves to give sme fairly definite indications as to whether 
the theories mentioned are accurate. 

First, according to the theory of turbulence in pipes or tubes, 
the mixing length of-the turbulent flows used is approximately 
0.1 inch, which is definitely greater than the O.ObP inch usually 
considered to be the approximate thickness of the laminar flame, 
The data show that': (a) The Remolds number is inadequate alone to 
correlate the turbulent flame speed; and (b) in any case the varia- 
tion of the turbulent flame speed with Reynolds number for a given 
tube is nonlinear in the range of large-scale turbulence. Accord- 
ing to the results of this investigation, it is seen that the theory 

* - 
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of reference 2 concerning the effect of lerge-scale turbulence on 
the flame speed in a Bunsen-burner flame thus appears to be in 
error as to the dependence on Reynolds number. 

The turbulent intensities used are certainly Urge enough to 
indicate whether the turbulent flame speeds tend to be independent 
of the nature of the fuel at large values of ii2. That is, the 
curves for various fuels are predicted in reference 3 to converge 
at higher Reynolds numbers; however they show no sign of converging 
in the range of this investigation. It is concluded according to 
the results of this investigation that neither of these theories is 
properly applicable as proposed. 

Nature of Variation of Turbulent-Flame Speed 

The data of figure 7 obviously require more than one correla- 
tion vsriable. The fuel, velocity, and burner diameter are one 
possible set of paremeters; the fuel, Reynolds number, and burner 
diameter are a possible alternative choke. Reynolds number rather 
then velocfty is used herein because of the general use of Reynolds . 
number in the analysis of fluid behavior and because previous pro- 
posed theories used it. In any case, the choice of variables with 
which to correlate the data.is arbitrary. 

The general appearance of the data suggests z.+/un as a 
possible vsriable to express the effect of the fuel. 

A second trend is Indicated by the fact that ut at any value 
of Re is greater with larger tube diameter by a factor that varies 
proportionally with un. 

A third phenomenon is indicated by the curvature of the various 
gapha, suggesting that ut mightvazy aa a power of Reynolds num- 
ber different from 1, for @ven fuel and burner diameter. 

The data of figure 7 are used to fix the manner of variation 
of ut inthe form 

ut = Csa db ReC 

where 

‘Lt 
C 

turbulent flame speed (cm/set) 

constant, empirically determined from data 
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un normal flame speed (cm/set) . 

d burner diameter (cm) 

Re burner Reynolds number based on mean air speed and 
burner diameter 

a, b, c exponents, empirically determined from data 

The exponent of the normal flame speed un Is ohosen by inspection 
as equal to 1. 

The exponent of the diameter d Is fixed by cross-plotting 
the data of figure 7. The flame speeds ut taken fram the curves 
for the various tube sizes were compared for given Reynolti number 
and fuel. The comparison is shown in graphical form in figure 9. 
Relative flame speeds were compared for 11 different fuel-Reynolds- 
number choices with relative diameter for the 5/8-inch-diameter 
tube. The log plot is seen to be fairly representable as a straight 
line, though strictly speaking a slight curvature is noted through 
the points. The line as shown has a slope equal to 0.26 so that 
the exponent b of the burner diameter in equation (8) is 

b = 0.26 

The value of the exponent c of Reynolds number in equation (8) 
is found by making log plots of the quantity 

Y= ut 
,.&&0.26 (9) 

as a function of the burner-tube Reynolds number Re. The data for, 
acetylene ethylene, and propane are plotted separately In fig- 
ures lO(aj, 10(b), snd 10(c), respectively. The lines considered 
by inspection to represent the data most .accurately are indicated 
on the curves-. The three curves are shown on figure 10(d) with 
the curve obtained by averaging the three. The correlation repre- 
sented by the average curve is suitable as approximating all the 
data. The scatter of experimental points is a little greater than 
would be anticipated from the methods used. 

The equation cd? the average curve (fig. 10(d)) is 

ut 
undoo26 

= 0.18 Reog24 
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or 

ut; z 0.18 undo*" Reom2+ (10) 

Any uncertainty as to the exact relation among the chosen 
variables might be removed by an extension of the experiments. It 
is possible, however, that the same kind of experimental uncer- 
tainty is to be anticipated in any study of turbulent flames. 

The results here shown will suggest some approximate relations 
for use in future extensions of the theory.. Thus, approximately 

The direct dependence of turbulent flame speed on lamfner flame 
speed is in agreement with reference 2. 

Whether these tentative conclusions sre valid as applied to 
truly isotropic turbulence is an interesting problem for future 
investigation. 

Frm an investigation to determine the effect of Reynolds 
number in the turbulent-flow range on flame speeds of Bunsen- 
burner flames, the following results were obtained: 

1. A correlation af the flame speed in a Bunsen burner with 
several vsriables has been empirically derived in the turbulent- 
flow range at sea-level atmospheric conditions in the form 

Ut = 0.18 undo*26 Re0*24 (cm/set) 

where 

% turbulent flame speed 

un normal flame speed (transformation velocity), (cm/set) 
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d burner diameter, (cm) 

Re Reynolds number based on mean mixture speed and d 

The experiments ranged from an Re of 3000 to 35,COO, tube 
diameters fram 0.626 to 2.843 centimeters, and the fuels were 
acetylene, ethylene, and propane. The fuel-air mixtures having 
maximum un were used. 

2. The theories of Damkijhler on the affect of large-scale 
turbulence on the flame speed in a Bunsen-burner flame were veri- 
fied as to the dependence on laminar flame speed, but were found 
to be erroneous m to the dependence on Reynolds number. 

3. The theory of Shelkin Qas iidt verified in that no tendency 
was observed of turbulent flame speeds of different fuel@ to 
approach each other at high flow rates. 

Flight Propulsion Research Laboratory, 
National Advisory Ccznmittee for Aeronautics, 

Cleveland, Ohio, June 30, 1948. 
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